Introduction: Typical practitioners choose from among only two to three products when selecting liners for their patients. A lack of comparable objective information about similarities and differences among elastomeric liner products may be part of the reason. Methods: Commonly used, commercially available polyurethane, silicone, and thermoplastic elastomer (TPE) liners were tested for their compressive, shear, tensile, and volumetric elasticities as well as their coefficients of friction (CoFs) and thermal conductivities. Results: Polyurethane and silicone liners tended to be stiffer in compression and shear than TPE liners. Fabric backings contributed primarily to increased tensile elasticity (and thus reduced pistoning). Polyurethane liners demonstrated relatively low CoFs, whereas silicone and TPE liners had higher CoFs and wider ranges. All materials tested were essentially incompressible. Thermal conductivities of all materials were comparable and similar to that of leather. Conclusions: Polyurethane liners are softer and less sticky than 16 years ago, and TPE liners have higher tensile stiffness than previously. A stiff fabric backing can increase tensile stiffness by more than 200%. Compressive stiffness may be used to characterize a liner's ability to flow. Elastomeric liners move heat almost exclusively via conduction. (J Prosthet Orthot.
U se of elastomeric or "gel" liners in prosthetics practice has become increasingly common, with recent data suggesting that practitioners select gel liners for approximately 85% of their prosthetic patients. 1 To accommodate the clinical needs of a broad range of prosthetic limb users, liner manufacturers have created an array of different liner products. Although elastomeric liners are derived primarily from the same base materials (i.e., urethane, silicone, and thermoplastic elastomer [TPE]), differences in a liner's chemical composition, shape, geometry, and manufacturing determine a liner's overall performance. Presence of fabric backing, antibacterial additives, or features such as sealing sleeves, distal pads, or reinforcement can additionally affect mechanical performance of a liner. Given the number of variables that contribute to a liner's design, it is not surprising that a large number of liner products are commercially available-a recent study identified more than 70 liner products on the market. 2 Despite the availability of so many different liner products, a recent survey indicated that a typical practitioner chooses among only two or three products when selecting liners for his or her prosthetic patients. 2 An explanation for such limited selection among many available options may be a lack of comparable, objective information about the similarities, and differences among liner products. 3 Without information about how a new liner compares with the two or three familiar products, practitioners are hesitant to change. The same study found that only 33% of practitioners surveyed obtained information from scientific journals, whereas the majority sought information directly from manufacturers (94%) or clinical magazines (65%). These results suggest there is a need to distinguish liners and provide practitioners with practical information to help them identify products that best match individual patient needs.
The purpose of this research study was to characterize mechanical properties of commonly used prosthetic liner products and compare findings with previous liners characterized in the literature. We also evaluated the influence of design variables fabric backing and liner thickness on testing results. Selecting a liner for an individual patient may require the practitioner to optimize the most preferred property or identify a liner that exhibits a balance among several preferred properties.
METHODS
We compared commonly used, commercially available prosthetic liners across six material property tests. Compressive elasticity (CE) and shear elasticity tests were conducted to characterize each liner's ability to distribute ambulatory loads during stance phase and couple the socket to the residual limb. Tensile elasticity tests were conducted to measure each liner's resistance to axial stretching during the swing phase of gait. Coefficient of friction (CoF) tests were conducted to determine the degree to which each liner would adhere to a residual limb. Finally, thermal conductivity and volumetric elasticity (VE) tests were conducted to assess each liner's accommodation to limb temperature increases and volume fluctuations, respectively. Development and validation of the liner material property tests used in this study are described in detail elsewhere. 4 Brief description are included later.
INSTRUMENTATION
The CE, shear elasticity, tensile elasticity, and VE tests were conducted with a material testing machine (MTM) (5944; Instron, Norwood, MA, USA) and custom test fixtures. Full-scale range of the MTM's load cell was 1 to 500 N with a mean load measurement error of ±0.25% and a displacement error of ±0.005 mm.
CoF tests were conducted using a planar friction tester (PFT) (Advanced Friction Tester; Hanatek, East Sussex, United Kingdom). CoF test parameters were determined primarily from an American Society for Testing and Materials testing standard 5 ; no custom fixtures were required. However, the PFT specimen sled was covered with a soft leather (Cream Cow; WBC Industries, Westfield, NJ, USA), which served as a skin surrogate and provided a physiologically meaningful contact surface. As configured, the PFT measured CoF with a repeatability of ±0.008.
Thermal conductivity was measured with a guarded heat flow meter (HFM) (Unitherm model 2022; Anter Corp, Pittsburgh, PA, USA). Similar to the CoF test, thermal conductivity test parameters were primarily determined by an American Society for Testing and Materials test standard, 6 and no custom fixtures were required. Repeatability of the HFM was ±0.001 W/m·K.
MATERIALS
Prosthetic liner manufacturers were invited to donate samples for material property testing. Liner products sold most often were requested, but any liners donated by manufacturers were included in the study. Additional liners were purchased as needed to ensure that liner products used most often by prosthetists, as reported in a recent survey, 2 were tested. Specimens were excised from each donated liner based on its thickness profile (Figure 1 ). Liners with uniform thickness profiles had specimens excised from a single area of the liner, whereas tapered liners had specimens excised from proximal and distal areas so as to characterize the range of materials present in the liner. If a liner presented different anterior and posterior thickness profiles, test sections were extracted from the anterior region, because soft tissues in the anterior region are closer to bone; thus, this region was expected to be of greater clinical interest. Specimen thicknesses were measured with a custom test instrument 7 used in prior studies to assess prosthetic sock thickness (resolution, 0.04 mm). 8, 9 All liner material tests were performed in a temperature controlled room with ambient conditions of 21°C ± 1°C. Each specimen was thermally preconditioned for at least 24 hours before testing was initiated.
COMPRESSIVE ELASTICITY
CE characterizes a liner's ability to distribute concentrated stresses and to secure the liner (and by association, the socket and prosthesis) to the residual limb. Distributing compressive stresses over the residual limb, particularly in sensitive regions with bony prominences, is desirable because concentrated stresses are associated with adverse limb health issues such as discomfort, pain, and skin breakdown. 10 Good limb-socket coupling facilitates a sense of stability to the prosthesis user, thus it is also desirable. However, distributing concentrated stresses and coupling to the residual limb require opposing characteristics. A soft liner (low CE) will facilitate comfort by better distributing peak pressures, whereas a stiff liner (high CE) will deform less and create a more stable limb-socket coupling.
Three circular specimens (19 mm [diameter] ) were evaluated per liner test section. Specimens were lubricated (Outlast, C&C Synthetics, Mandeville, LA, USA) and then installed into the MTM. Presence of the lubricant had minimal effect on CE measurements. 4 Specimens were cyclically preconditioned for 15 minutes and then relubricated before the test. For the measurement of CE, specimens were compressed to 60% strain or 250-kPa engineering stress, whichever induced greater stress, under the condition that an upper limit of 500 kPa was not exceeded. Tests were repeated until specimens produced a consistent stress-strain response. To make the data more comparable to interface stress studies reported in the scientific literature, [10] [11] [12] [13] [14] [15] [16] the measured engineering stresses were converted to true stresses under the assumption of material incompressibility. The reported CE value for each liner was the average of the three specimen stiffnesses. Figure 1 . Test specimen locations. Test specimens were removed from anterior regions of the liner when possible. For uniform gel thickness profiles, only a narrow acceptable source region (black and dark gray areas) was available for certain liner products (e.g., WillowWood Hybrid Select), because the mid anterior region had a different fabric, whereas distal and posterior regions had different gel thickness (light gray).
SHEAR ELASTICITY
Shear elasticity characterizes each liner's ability to propagate and distribute shear stresses. Importantly, shear stresses are thought to be a leading cause of mechanically induced skin breakdown. 17, 18 Unwanted shear can also slow or exacerbate wound healing after an adverse event. 19, 20 Thus, consideration of a liner's shear elasticity is of particular importance when selecting liners for people with delicate skin.
One rectangular specimen (127 mm [length] Â 32 mm [width]) was excised per liner section to conduct the shear elasticity test. Specimens were bonded to a custom test fixture and stretched to 60% strain. FabTech 90 adhesive (FabTech Systems, Everett, WA, USA) was used to bond the majority of liner specimens to the test fixture. Loctite 409 (Henkel Adhesives, Rocky Hill, CT, USA) showed significantly better bonding with several TPE and silicone liner products, and was used for those samples. Specimens were cyclically sheared until a consistent stress-strain response was achieved (approximately three cycles). The repeatable response was recorded as the property measurement. Specimens were not cyclically preconditioned for 15 minutes, like in the CE test, because the selected adhesives could not bond all liner products for that entire period of testing.
TENSILE ELASTICITY
Tensile elasticity characterizes each liner's ability to resist axial stretching. Axial stretching in an elastomeric liner can cause pistoning (i.e., axial movement) of the prosthetic socket relative to the user's residual limb during ambulation. Increased tensile elasticity may encourage a closer coupling between the limb and liner, and thus reduce pistoning. However, increased tensile elasticity may also decrease a liner's ability to conform to the shape of a highly contoured limb or to a limb with bony prominences. In these cases, a liner with high tensile elasticity may be uncomfortable to the prosthesis user.
The tensile elasticity test evaluated one rectangular specimen (210 mm [length] Â 32 mm [width]) per liner section. Specimens were bonded to a custom test fixture and then stretched to 60% strain or 500-kPa engineering stress, whichever was achieved first. Similar to the shear elasticity test, specimens were not cyclically conditioned, but instead repeatedly stretched until a consistent stress-strain response was produced. Like compression test specimens, tensile test specimens changed in cross-sectional area during testing, so measured engineering stress was converted to true stress under an assumption of incompressibility. Three tests were conducted, and the mean reported.
COEFFICIENT OF FRICTION
CoF characterizes each liner's ability to adhere to a residual limb. Adherence of a liner to a residual limb is clinically relevant because skin health depends, in part, on the shear stress (tangential stress with no slip) and frictional stress (tangential stress with slip) applied to the residual limb. A liner with a high CoF will enhance mechanical coupling between the prosthesis and limb, and may provide the user with a sense of security. However, a liner with high CoF will also increase shear stresses applied to the limb. Increased shear stresses may be detrimental to skin tissues. 21, 22 CoF also affects the shear load that a liner is capable of transmitting before slipping relative to the skin.
The CoF test evaluated one rectangular liner specimen (210 mm [length] Â 70 mm [width]) per liner section. Each specimen was tested with three leather specimens (63 mm [length] Â 63 mm [width]) because there was some variability since they were natural leather. Specific to our evaluations, leather samples were installed into the instrument's test sled using the provided magnetic specimen clamps. The leather samples were then pulled across the liner until three consistent measurements were achieved. Each liner's CoF was characterized as the mean dynamic CoF across the nine pulls (three pulls for each of the three leather test surfaces). Dynamic CoF, rather than static CoF, was measured because it was found to be a more reliable indicator of a prosthetic liner's adherence performance. 4 
THERMAL CONDUCTIVITY
Thermal conductivity characterizes each liner's ability to transfer heat away from the residual limb. Overheating and excessive sweating are two of the most commonly reported issues affecting active prosthesis users, and many users would prefer liners that do not so strongly insulate their residual limb. 17 Conversely, another study 23 reported that 15% of lower-limb prosthesis users experienced issues with their residual limb being too cold. A liner with high thermal conductivity will move more heat away from a warm limb to the cooler external environment. A liner with low thermal conductivity will help to retain heat (i.e., insulate the residual limb) and may be suitable for lower activity users or those who use their prosthesis in a colder environment.
The thermal conductivity test evaluated one circular specimen (51 mm [diameter]) per liner section. Specimens were placed into the instrument and compressed with a pneumatic piston pressurized to 69 kPa. Specimen thickness was measured with calipers (Model 2416; Mitutoyo, Aurora, IL, USA) immediately after installation in the testing jig and again after 15 minutes to ensure that creep was not impacting the test results. Once conditioned, two thermal set points were measured with a contact temperature range of 10°C to 40°C. Each liner's reported thermal conductivity was determined as the mean of these two measurements.
VOLUMETRIC ELASTICITY
VE characterizes each liner's stiffness when it is not allowed to expand laterally (flow) under compression. A recent survey found that volume management was the most common problem experienced by persons with lower-limb amputation. 24 A liner with a low VE is more capable of adjusting to residual limb volume changes, whereas a liner with high VE is less capable of accommodating volume changes.
The VE test evaluated three circular specimens (10 mm [diameter]) per liner section. Before installation into the test fixture, specimens were lubricated and then center-punched with a large knitting needle. This puncture provided a path for trapped air to escape during installation and demonstrably improved measurement results. 4 Specimens were repeatedly compressed to 500 kPa until a consistent stress-strain response was achieved. The VE reported for each liner was the mean tangent modulus in the linear region of the stress-strain curve (generally between 200 and 500 kPa). The mean VE of the three specimens was reported.
ANALYSIS
Elastomeric liners in the prosthetics industry are typically classified according to their base polymer. There are in general three types of polymers [25] [26] [27] [28] [29] [30] -polyurethanes, silicones, and TPEs. Watts 31 found that for practitioners selecting a gel liner, 92% of them made their selection based on the elastomer polymer. We grouped the liners so that we could compare test results among the three groups (polyurethanes, silicones, thermoplastics), and comparing results with prior testing reported in the literature characterize the history of material changes for the three material groups. We also compared individual liners that were of common elastomer but different fabric backing, and we compared liners that were of common elastomer and fabric backing but of different thickness. Results for these latter two comparisons were expressed as a percentage change of the specimen with the higher magnitude material property relative to the specimen with the lower magnitude material property.
RESULTS
Twenty-three commercial elastomer-fabric liners and one room-temperature-curing silicone used for fabricating custom liners (no fabric backing) (Renew Silicone 10; Smooth-On Inc., Macungie, PA, USA) were tested using the described methods. The room-temperature-curing silicone material was rated by the manufacturer to have a hardness of Shore 10A; thus, it served a reference by which to evaluate other liner materials. Of the 23 commercial liner products, 5 were made from a polyurethane base material, 8 from silicone, and 10 from a TPE.
Results from material tests were compared across material groups (i.e., polyurethane, TPE, and silicone) as discussed later.
COMPRESSIVE, SHEAR, AND TENSILE ELASTICITY
Most of the liners demonstrated a viscoelastic material response as evidenced by an initial, nonlinear toe region followed by a linear region in the stress-strain curve (left sides of Figures  2-4) . 4 To create metrics that would facilitate comparison across the greatest number of liner products, compressive, shear, and tensile elasticity were quantified with a single value (tangent modulus) derived from the linear portion of the stress-strain curve. The linear portion of the curve was in a comparable strain range across all liner products for each type of test. The stress or strain ranges used to quantify tangent modulus for each test were determined by the investigators, as described later.
The tangent modulus for the CE test was defined between 10% and 40% strain. Polyurethane liners had a mean stiffness of 300 ± 40 kPa, silicone liners 310 ± 100 kPa, and TPE liners 140 ± 30 kPa. Results from individual liner models are listed in Table 1 and illustrated in Figure 2 . In general, polyurethane and silicone liners had comparable compressive stiffness, whereas TPE liners had lower stiffness.
The tangent modulus for the shear elasticity test was defined from 20% to 60% strain. Polyurethane liners had a mean shear stiffness of 63 ± 3 kPa, silicone liners 69 ± 17 kPa, and TPE liners 21 ± 5 kPa (Table 1, Figure 3) ; thus, polyurethane and silicone liners had comparable shear stiffness, whereas TPE liners had a lower stiffness.
For tensile elasticity, because some products experienced high strains at low stress, whereas others experienced low strains at high stress, it was not possible to create one single definition for tangent modulus. Therefore, we defined the tangent modulus for each product one of two different ways. For liners that achieved less than 250 kPa true stress at 60% strain, the tangent modulus was defined between 10% and 40% strain (Definition 1). For liners that achieved 250 kPa before reaching 60% strain, the tangent modulus was defined between 100 and 250 kPa (Definition 2) ( Figure 4A ). Results showed that tangent moduli for tensile elasticity averaged 170 ± 50 kPa for polyurethane liners, 210 ± 70 kPa for silicone Table 1 . P indicates proximal; D, distal. Figure 4B) ; thus on average, polyurethane and silicone liners had comparable tensile stiffness, whereas TPEs had a higher tensile stiffness. However, we noted that for liners that achieved less than 250 kPa true stress at 60% strain (thus, tangent modulus defined between 10% and 40% strain [Definition1]), stiffnesses were comparable among polymer groups, averaging 166 ± 47 kPa for polyurethane liners, 224 ± 57 kPa for silicone liners, and 192 ± 84 kPa for TPE liners ( Figure 4C ).
COEFFICIENT OF FRICTION
Static and dynamic CoF could not be measured for all liners, because several liner products had static CoFs that approached the limit of the load cell and risked catastrophic failure of the instrument. Data from other liner products showed that a static CoF of 4.0 to 6.0 typically resulted in a dynamic CoF of 2.7 to 2.8. Therefore, a test was stopped if a liner product had a static CoF greater than 7.0. The liner was then characterized as having a dynamic CoF of greater than 3.0. Because of this limitation, ranges of dynamic CoF are reported for each polymer group. Dynamic CoF ranged from 0.4 to 0.7 for polyurethane, 1.4 to 3.1 for silicone, and 0.8 to greater than 3.0 for TPE (Table 1, Figure 5 ). Thus polyurethane liners demonstrated relatively low CoFs, whereas silicone and TPE liners had higher CoFs and wider ranges of CoF.
THERMAL CONDUCTIVITY
Thermal conductivities were comparable among the three types of materials (Table 1, Figure 6 ). Polyurethane liner results averaged 0.16 ± 0.02 W/m·K, silicone liner averaged 0.16 ± 0.02 W/m·K, and TPE liners averaged 0.13 ± 0.01 W/m·K. Table 1 . P indicates proximal; D, distal. C, Materials with tensile elasticities below 400 kPa are shown. All of these materials achieved less than 250 kPa true stress at 60% strain, thus their tensile elasticities were defined using Definition 1.
VOLUMETRIC ELASTICITY
For the VE test, the incompressible nature of elastomers meant that the linear region occurred at very low strains (1%-5%). These strains corresponded to a stress range of 200 to 500 kPa (Table 1, Figure 7 ). Tangent moduli in the linear regions averaged 146,000 ± 44,000 kPa for polyurethane liners, 96,000 ± 58,000 kPa for silicone liners, and 114,000 ± 29,000 kPa for TPE liners. Thus all materials had high bulk moduli, thus all were essentially incompressible. In clinical application, in terms of the impact of VE, there is likely little difference in performance among liners from the three different groups.
We calculated a Poisson ratio (PR) to confirm that the materials were functionally incompressible and to offer insight into any differences in liner products' tendencies to flow under compressive stresses. The PR was calculated from the VE and CE results using an equation from the generalized form of Hooke's law and the definition of the PR, PR = (3 Â VE − CE)/(6 Â VE).
Results showed that liners tested in the present study had PRs between 0.4929 and 0.4999.
EFFECTS OF FABRIC BACKING MATERIAL
Among the materials tested, there were three sets of liner products made from a common elastomer but from different fabric backings (set A: products 16 and 17 in Table 1 ; set B: products 3 and 4; set C: products 21, 22, and 23), allowing us to test the influence of different fabric backing materials on liner properties. In general, shear elasticity, CoF, thermal conductivity, and VE were relatively unaffected by different fabric backing materials (Table 2) . Tensile elasticity, however, demonstrated strong sensitivity (74%-571% differences) for all three groups except for liner materials 21 and 22 (set C) (5% difference). CE results showed that set B's CE was more sensitive to fabric backing (>20% difference) than set A's or C's (<20% differences). CoF results in set B (54% difference in dynamic CoF between products 3 and 4) reflected a reduced surface roughness (bumpiness) of the elastomer for material 3 compared with that for material 4, an alteration from a difference in manufacturing, not a difference in fabric backing.
During tensile testing, the fabric backing limited strain to less than 60% at 250 kPa for some products, most of which were TPE polymers. For these products the tensile tangent modulus was defined based on a 500-kPa stress threshold rather than the 250-kPa stress threshold. The fabric backing stiffened and contributed to liner tensile elasticity at high strains for those products, and thus was primarily responsible for the heightened tangent modulus.
EFFECTS OF LINER THICKNESS
Two specimens from the same base material but with different thicknesses were tested from six liner products (products 2, 8, 9, 11, 12, and 20) . The difference in thickness between specimens was due only to the thickness of the elastomer. Liner 5 was not included because it did not have a consistent fabric backing thickness; it was composed of two layers of fabric at the distal end and a single layer of the same fabric at the proximal end.
Comparison of compressive, shear, and tensile elasticities demonstrated relatively low sensitivity to thickness (all differences <25%) ( Table 3 ). The percent differences listed in Table  3 were calculated: (higher value -lower value)/lower value. Table 1 .
CoF, VE, and thermal conductivity were not tested for both samples because they were expected to be unaffected by changes in liner thickness.
DISCUSSION
We place results from the present study within a historical perspective in an effort to highlight changes made to elastomeric liners by the prosthetics industry over the past two decades and to highlight future research needs. Clinical implications of the material property results are discussed.
Similar to Covey et al., 32 Emrich and Slater, 33 Sanders et al., 34 and Klute et al., 35 we chose to test elastomeric liners that were popular clinically at the time of the study. We used results from a recent survey of prosthetists to select most of our liner products. 2 Although most of the product names differed between prior and present studies, liners in each of the referenced studies were made from one of three base polymers: polyurethane, silicone, or TPE (Appendix 1).
COMPRESSIVE, SHEAR, AND TENSILE ELASTICITY
Covey et al. 32 measured liner products' combined compressive and volumetric response by selectively constraining the lateral expansion (flow) under compressive stresses. This test method is challenging to compare directly with the current test methods because there are two independent responses combined into one. However, consistent with Covey et al.'s results from 2000, we found that silicone and polyurethane liners were relatively stiff, whereas TPE liners had the softest CE. It is important to note that the liner product Covey labeled "Silicone B" was ALPS EasyLiner, which is a TPE.
Direct comparison of compressive, shear, and tensile test results in the present study with those from Sanders et al. 34 is possible, because curve fit coefficients were provided in Sanders' publication. We performed the same modulus calculations as in the present study using data from the prior study. Results showed lower compressive and shear stiffness for polyurethane liners in the present study compared with the 2004 investigation (i.e., polyurethane liners are generally now more stretchy) although we note that only one polyurethane liner was tested previously (Figure 8 ). TPE liner tensile stiffnesses were higher in the present study than in 2004, whereas TPE compressive stiffness and shear stiffness results were comparable. We note in both studies that compressive and shear stiffnesses of silicone liners tended to be more similar to those of polyurethane than to TPE.
COEFFICIENT OF FRICTION
Our dynamic CoF results are not consistent with those from Emrich et al., 33 who also tested prosthetic liner frictional characteristics. Emrich found similar dynamic CoFs when Figure 7 . Volumetric elasticity test results. A, Typical stress-strain curve. The strain region in which the volumetric elasticity was taken is indicated with a dashed line. B, By group. Identification numbers are liner codes listed in Table 1 . 
THERMAL CONDUCTIVITY
Our thermal conductivity results are comparable to those from Klute et al. 35 and Webber et al. 36 who measured thermal conductivities without applying compression to the liner material. Klute et al. reported thermal conductivities ranging from 0.11 to 0.27 W/m·K, whereas results from the present study ranged from 0.12 to 0.19 W/m·K. Because values from the present study did not exceed the range of those reported in the prior study, compression during thermal conductivity testing did not appear to alter results appreciably. The slightly higher thermal conductivities measured by Klute et al. may be due to inclusion of thermal grease in their experimental protocol. Use of thermal grease has been shown to slightly increase thermal conductivity in prosthetic liners. 4 To put these thermal measurements in perspective, elastomeric liners have a thermal conductivity higher than sheep wool (0.04 W/m·K) and comparable to leather (0.14 W/m·K). Tightly fitting elastomeric liners move heat almost exclusively via conduction, and their low thermal conductivities dominate any capability for cooling a warm residual limb in a room temperature environment. 37 Although it would be challenging to increase the conductivity of the base elastomers, some groups have explored the use of air channels within sockets 36 and the use of vacuum to remove perspiration. 38 
VOLUMETRIC ELASTICITY
Unlike the aforementioned material characteristics, VE (bulk modulus) was not reported in any scientific literature testing prosthetic liners. However, the findings here help to put in perspective the term "flow," used clinically in the prosthetics industry to describe a liner's ability to deform away from areas of high pressure to areas of low pressure. [25] [26] [27] [28] [29] [30] All materials tested here were essentially incompressible (i.e., a PR of 0.4929-0.4999), which means that their ability to flow reflected their compressive stiffness. Compressive stiffness can be thought of clinically as characterizing a liner's ability to flow, thus allowing a quantitative metric (compressive stiffness) to be used to describe this quality.
CHANGES IN LINERS OVER THE LAST 15 TO 20 YEARS
The comparisons discussed previously indicate that liner properties have changed in the last 15 to 20 years. For example, changes to polyurethane liners that allow them to stretch more (i.e., increased compression and shear elasticity) and be less adherent may simply reflect the clinical desire for a less stiff liner. More than 50% of the people in our survey stated that "cushion" was a property they looked for in the liner (5th highest priority). 2 It is noted that Covey and Sanders each tested only one polyurethane liner, because it was the only commonly used polyurethane liner at the time. Manufacturers may have reduced CoF simultaneously with increasing compression and shear elasticity to limit the potential for mechanical failure. However, this interpretation is conjecture, and rigorous mechanical testing of liner durability would be needed to evaluate this interpretation. The tensile stiffness of some TPE liners have been increased, perhaps by using stiffer fabric backings, a result that may reflect in part an effort to make them more durable and less prone to failure. A wide range of properties for silicone liners have been maintained from 2004 to the present study, the only polymer group that did not show substantial differences.
Of the properties tested, tensile elasticity was most strongly affected by the nature of the fabric backing material (Table 2) . Results from the present study demonstrate that liner manufacturers have the flexibility to adjust a liner's overall tensile stiffness according to the properties of the fabric backing. Some manufacturers claim "no stretch" fabrics or describe a "stabilizing matrix," both of which are desirable clinically because they limit axial stretch and reduce pistoning. Excessive pistoning is considered clinically unfavorable because it may induce shear stresses that contribute to abrasions or skin breakdown. 22 Results from the present study showed that tensile stiffness could be increased by more than 200% by changing to a stiff fabric backing. Sanders et al. 34 did not demonstrate a dependence of tensile elasticity on fabric backing, presumably because either liners at the time did not have stiff fabric backings or the maximum applied tensile stresses (80 kPa) were too low for an effect to be observed.
Unlike the choice of fabric backing stiffness, liner thickness was not a strongly influential variable affecting mechanical properties. The slight changes we did see (Table 3 ) may reflect changes to the ratio of elastomer to fabric backing. In other words, the thickness of the elastomer differed between the thinner and thicker liner samples, but the thickness of the fabric backing was kept the same.
CLINICAL IMPLICATIONS
Changes in mechanical properties of prosthetic liner products over time demonstrate the importance of practitioners keeping up to date on new liners as they enter the market. Information that practitioners learn about prosthetic liners during their clinical education or early in their clinical careers is likely to change as materials science, manufacturing methods, and clinical practices evolve. As such, practitioners may be challenged to stay up-to-date on the relative performance of the broad range of commercially available prosthetic liners. Manufacturers would advance practitioners' knowledge by conducting standardized material property tests 4 and disseminating results upon introduction of a new product. Professional societies supporting such testing as standard practice in the field would also help practitioners to have a complete understanding of available products. We created a Web-based resource, termed the Prosthetic Liner Assistant (PLA) [www.LinerAssist.org], 39 to present data collected in this study to practitioners. The PLA is an interactive database (Appendix 2) that provides relative material property information across the different tests reported here. Results in the PLA are presented on a relative scale so that Figure 9 . Example of a PLA material property description-compressive elasticity. The PLA converts material properties like compressive elasticity to a normalized scale of 1 to 5 to provide practitioners a quantitative metric to build a practical knowledgebase. A description of the measure and its clinical importance is included. practitioners can assess new liners relative to those products with which they are familiar, rather than according to the quantitative results (i.e., specific mechanical property values) reported in this study. Clinical descriptions of materials properties listed in the PLA are also included to help practitioners understand the influence of each on a liner's performance. As an example, the PLA description for CE is shown in Figure 9 . Extension of this clinical resource to include new liners (or other existing liners) would facilitate practitioners' ability to stay informed and select confidently among the many products available on the market.
FUTURE STUDIES
Liner samples tested in the present study were new. They had not been subjected to extended wear and cleaning practices liners typically undergo in the field. Regular use reduced the thickness of a related material, prosthetics socks, by approximately 25% within a month but had minimal impact on material properties. 9 It is unclear to what degree clinical use affects elastomeric liner material property results. A needed next step in prosthetics liner research is to quantify mechanical properties of used liners and determine if the trends reported here are maintained. It would also be helpful to conduct all tests at close to body temperature rather than room temperature.
CONCLUSIONS
Material properties of prosthetic liners meet the clinical needs of contemporary patients and clinical practices. Polyurethane and TPE liner properties have been changed over the past 16 years-polyurethane is softer and less sticky; TPEs have higher tensile stiffness. In today's liners, fabric backings contribute primarily to tensile elasticity (and thus pistoning) and to a lesser extent CE. All materials tested were essentially incompressible so their ability to flow reflected their compressive stiffness. The high bulk moduli and low thermal conductivities of all liners tested indicated that future efforts should focus on compressible materials and thermally conductive materials for people with limb loss using prosthetic limbs.
